Low-temperature scanning tunneling microscopy at 7 K is used to assemble monatomic native adatom chains on a Cu(111) surface and to study their sp-derived quantum states. The adatoms within the structure reside on equivalent nearest-neighbor lattice sites of the substrate surface (intrinsic Cu-Cu spacing 2.55 Å). Starting from linear chain segments, kinked chains and triple-terminal junctions are created, and the impact of the different structural details of the junction on the electronic properties is investigated by spectroscopic measurements. A simple tight-binding (TB) parameterization scheme is applied to discuss the experimentally observed energies and densities of the quantum states inherent to these chain structures of advanced complexity. The TB model also reveals potential overlaps of resonance-broadened states, which are not resolved in the experiment.
Introduction
Apart from its central importance to device miniaturization, the controlled fabrication of surface-supported nanostructures opens up the possibility to create new material properties by confining electrons to dimensions where quantization phenomena are important. Lowtemperature scanning tunneling microscopy (STM) and spectroscopy (STS) combine the capabilities of local probing and manipulating matter at the atomic level 1, 2, 3 and thus provide a powerful experimental technique to study the physics of perfect nanostructures serving as nanometric model systems. In the field of metal nanostructures, this approach was recently applied by Nilius et al. (Ref. 4) to investigate confinement effects in monatomic Au chains assembled on a NiAl(110) surface. Their studies revealed the formation of unoccupied chainconfined quantum states 4, 5 arising from the 6s states of the Au adatoms, which hybridize with the substrate states and develop p z character. 6 These quantum states are localized in the pseudogap of the projected bulk bands of the NiAl(110) substrate.
In our subsequent studies, we showed that confined quantum states also exist in compact adatom structures of metallic one-component systems such as one-dimensional (1D) native adatom chains 7 and two-dimensional (2D) adatom islands 8 assembled on a Cu(111) surface.
The latter study revealed that there is a natural linkage between the sp hybrid state associated with the discrete adatom, 9 the quantum states in assembled nanostructures, and the sp-derived Cu(111) Shockley surface state. In this sense, the quantum state formation in Cu/Cu(111) chains can be viewed as the 1D analogue of the traditional Shockley surface state existing at the extended surface. In the present work, we utilize Cu/Cu(111) adatom chains as a model system for quantum wire structures of advanced complexity: Linear monatomic chain segments are interconnected by means of atom manipulation to yield kinked and branched structures. The electronic properties of these objects are analyzed by spectroscopic measurements of the differential tunneling conductance, and they are discussed within a simple tight-binding parameterization scheme. 
Experimental details
The experiments were carried out with a ultrahigh vacuum (UHV) STM operated at 7 K.
A Cu(111) single crystal was cleaned in UHV by repeated Ne + sputtering cycles at 1 keV and subsequent annealing at 700 K. Chemically edged tungsten tips were used. Single Cu adatoms were created by controlled tip-surface contact at 7 K. In particular, the tunneling tip was dipped between 5 and 6 Å into the specimen surface and subsequently retracted to a final tip height of 6 Å while applying a voltage of -5 V to the tip-sample junction (the tunneling voltage refers to the sample with respect to the tip). By means of this procedure, discrete adatoms and clusters are created which are dispersed over the surface in the vicinity of the contact area. We find that only native adatoms are created in this way as indicated by the characteristic sp-derived Cu/Cu(111) adatom state located 3.3 eV above the Fermi level E F . 7, 9 Single Cu adatoms can be manipulated at low temperature along arbitrary lateral directions at a tunneling resistance of ~0.1 MΩ by reducing the tip height to about 1.5 Å.
These conditions are similar to the experimental parameters reported for the manipulation of Ag adatoms on Ag(111). 10 The values of tip height z quoted here and in the following refer to zero height at point contact between the STM tip and the specimen. Similar to experimental procedures reported previously, 10, 11, 12, 13 the tip height was calibrated by current-vs-z measurements in which the event of contact was identified from the appearance of a discontinuity in the current accompanied by a contact conductance in the range of 2e 2 /h.
Previous work 11, 12, 13, 14 also showed that adhesive forces give rise to relaxation effects when the tip is in close proximity of the metal surface: Relaxations of tip and surface atoms lead to point contact at a reduced tip-sample distance which is smaller by roughly the typical atomic bond length as compared to the geometric tip-sample distance in the absence of relaxations.
Spectroscopic measurements of the differential tunneling conductance dI/dV were performed using a conventional lock-in technique (modulation amplitude and frequency: 30 mV at 600 to 700 Hz) to obtain information on the local density of states (LDOS). 15 Prior to 4 these measurements, the STM tip was optimized by controlled tip-sample contact. The observed eigenstate energies are described to an excellent degree by a simple tightbinding (TB) parameterization scheme. This is indicated by the crosses in Fig. 1(b) , which mark the calculated eigenvalues E(n)=α+2γ cos[nπ/(N+1)] of the NxN TB secular determinant, implying a treatment of the atomic chain as an artificial linear molecule within the simple Hückel scheme. 18 In this parameterization, the quantity α is associated with the binding energy of the atomic orbital, and all atoms are treated identically, meaning that all α values in the determinant are equal. The hopping integral γ, on the other hand, describes the overall coupling between adjacent orbitals arising from both direct interatomic coupling as well as substrate-induced coupling. 6 The present TB parameters thus include the effect of the supporting Cu (111) Next, we address Y-shaped branched adatom chains in order to further increase the structural complexity. These structures constitute a model system for the study of interconnected atomic quantum wires. Starting with a Cu 9 kink as shown in Fig. 3(a) , a third Aside from kinked and branched adatom chains involving a compact trimer as the interconnecting building block of the structure, we also studied chains with intrinsic defects leading to a break in symmetry but without a change in the number of nearest neighbors. Such a structure is shown in Fig. 7 
Conclusions
This work demonstrates that the STM-based assembly of Cu/Cu(111) model quantum wires by atom manipulation is not restricted to the creation of linear adatom chains; it also allows one to build more complex structures such as kinked and branched chains with different symmetries and different structural details of the interconnecting junction. We find that the electronic states in these atomic-scale structures are well described by a TB model which takes into account nearest-neighbor interactions among the adatoms and includes only one atomic orbital along with identical TB parameters for every atom.
While the eigenstate energies of linear chains are reproduced to an excellent degree, a systematic underestimation is found for chain structures involving junctions with an increased coordination of the atoms (cf. the kinked and branched wires discussed in connection with 
